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by the phaZ1, phaZ2, and phaZ3 genes) (Jendrossek, Handrick, 2002) .
The activity of these enzymes with the homopolyester P(3HV) is below 5 % of the activity obtained with P(3HB) as a substrate. None of the three P(3HB) depolymerases is able to produce clearing zones on opaque P(3HV)-granulecontaining agar. The two remaining PHA depolymerases (P(3HB) depolymerase C and P(3HV) depolymerase, encoded by phaZ5 and phaZ4, respectively) also degrade P(3HB), but are additionally able to hydrolyze P(3HV) PHA chains can be degraded by cleaving.
The attack starts at chain-folding surfaces and then degradation goes on perpendicularly to the lamella, until it reaches the solid lamellar center and stops. Some researchers assume that single crystals are preferentially attacked at the crystal ends rather than at chain-folding surfaces (Urmeneta et al., 1995; Hocking et al., 1996) . Another degradation mechanism was proposed more recently (Nobes et al., 1998) : the predominant effect observed with all crystals was a significant narrowing of the lamellae, suggesting an edge attack mechanism.
Biodegradation of polyhydroxyalkanoates is performed by microorganisms, which inhabit different natural environments. Therefore, ecological and taxonomic studies need to be conducted to investigate the diversity of microorganisms degrading polymers in different biological media.
Microorganisms degrading poly(3-hydroxybutyrate) were first isolated more than 40 years ago (Chowdhury, 1963) . The microorganisms identified belonged to several taxa: Bacillus, Pseudomonas, Streptomyces. Two years later, 16 other microorganisms degrading P(3HB) extracellularly were described (Delafield et al., 1965) . Then, as the range of the investigated PHAs broadened, microorganisms degrading not only homogenous hydroxybutyrate but also short-and medium-chain-length heteropolymers were isolated and described (Brandl, Puchner, ing biogas as a byproduct. Janssen and Schink (1993) isolated and identified an anaerobic bacterium, Ilyobacter delafildii, which can utilize poly(3-hydroxybutyrate). Anaerobic degradation of P(3HB) and P(3HB-co-3HV) by Clostridium strains was reported by Abou-Zeid et al. (2001; . Under anaerobic conditions, P(3HB) was degraded more quickly than P(3HB-co-3HV).
Elsewhere Morse et al. (2011) indicate that under anaerobic conditions samples with higher HHx fraction tended to have faster weight loss; on Day 7 of the degradation experiment, P3HB-co-10 mol %-3HHx lost 80 % of its original weight, while P3HB-co-3.8 mol %-3HHx lost only 28 %.
To get insight into the degradation mecha- polymer items differ in shape and structure.
The usual parameters indicating degradation of PHAs and PHA items are a reduction in molecular weight and degree of crystallinity of a polymer as well as a change in the total mass of polymer items and their strength. In one of their earlier studies of PHA hydrolytic degradation, Doi et al. (1990) studied P(3HB), P(3HB-co-3HV), and P(3HB-co-4HB) films exposed in phosphate buffer (pH 7.4) at different temperatures. During 180 days, none of the polymers exhibited any mass loss, but their molecular weight decreased, particularly that of P(3HB-co-4HB) (at 70°C its molecular weight almost halved). Martin et al. (2004) confirmed that poly(3-hydroxybutyrate) is not degradable in non-biological environments.
During 10 weeks at pH 7.4, the molecular weight of the polymer changed insignificantly and the total film mass remained unchanged. However, in contrast to the data reported by Miller and Williams (1987) , less crystalline P(3HB-co-3HV) copolymers were found to have a higher degradation rate in model systems than highly crystalline P(3HB).
It was determined that kinetics of PHA degradation was also influenced by the initial Mw of the material (Yasin and Tighe, 1992 a, b) . Hydrolytic degradation of PHA is a long process, which can last for months, due to the high crystallinity of the PHA or the hydrophobic nature of long alkyl chains. Blending of P(3HB) with other polymers or plasticizing agents increases its degradation rate. Films of P(3HB) and P(3HB)-tetramethyl cellulose (TMC) exposed in a phosphate buffer (at pH 7.0 and 37°C) behaved differently: the mass of P(3HB) films remained almost unchanged, but the composite films were degraded (Lootz et al., 1998) . Amorphous or hydrophilic additives promote water penetration into the polymer and increase biodegradation rate. Blends of P(3HB-co-3HV) with polylactide (PLA) and hydrophilic PEG were incubated in tetraborate buffer (pH=10) at 37°C for 160 days and their degradation rate was higher than that of pure P(3HB-co-3HV) (Renard et al., 2004) . Shangguan et al. (2006) treated P(3HB-co-3HHx) with UV radiation and recorded an increase in the polymer degradation rate. After 15 weeks of degradation in simulated body fluid, films prepared from 8 and 16 h UV-treated P(3HB-co-3HHx) powders maintained 92 % and 87 % of their original weights, respectively, while the untreated P(3HB-co-3HHx) films lost only 1 % of its weight. The P(3HB) degradation rate was accelerated about threefold in vitro by addition of pancreatin to the buffer solution (Freier et al., 2002) . Yamane et al. (2001) reported an investigation of the degradation dynamics of P(3HB) monofilament fibers, using a P(3HB) depolymerase. The fibers were placed Enzymatic PHA degradation occurs at rates that are two or three orders of magnitude faster than those of hydrolytic degradation (Kumagai et al., 1992; Kusaka et al., 1999) . PHA-hydrolyzing enzymes are substrate specific for different
PHAs. In addition to that, physical properties of the polymer also influence its biodegradability.
The most important factors influencing PHA biodegradability are the stereoconfiguration, crystallinity, molecular weight, and chemical composition of the polymer. Stereoconfiguration is considered to be a very significant factor for PHA degradation (Abe et al., 1996; Doi et al., 1992) . All PHA-depolymerases are specific for polymers consisting of monomers in the (R) configuration. Chemically synthesized PHAs in the (S) configuration are not degraded by P(3HB) depolymerases. PHAs with higher degrees of crystallinity are less degradable (Kumagai et al., 1992; Nishida and Tokiwa, 1993; Tomasi et al., 1996; Koyama and Doi, 1997; Abe and Doi, 1999; Wen, Lu, 2012) . Studies of PHA films showed that extracellular PHA depolymerase hydrolyzed preferentially chains in the amorphous state and subsequently eroded chains in the crystalline state (Doi et al., 1989; 1992 b; Hocking et al., 1996) . 
PHA degradation in freshwater ecosystems
There have been rather few reports regarding PHA degradation behavior under natural conditions, in water environments, in particular.
In one of such experiments, PHA degradation was investigated in two freshwater lakes:
Lesnoye and Bugach (Volova et al., 2006; 2007) . P(3HB-co-3HV) film discs were placed into ny- Comparison of degradation behavior of P(3HB-co-3HV) in two lakes showed that the factors determining polymer degradation rates include not only the temperature of the environment but also the structure of the aquatic ecosystem and the mineral component of the water, which is responsible for the development of bacterioplankton -the major PHA degrader.
P(3HB-co-3HV) degradation rates under aerobic and anaerobic conditions were compared for the first time, showing that anaerobic degradation occurs at slower rates. Deficiency of dissolved mineral phosphorus, which hinders the development of ecosystem components, was proposed as a factor limiting P(3HB-co-3HV) degradation rates.
Mass loss dynamics of two types of polymers (P(3HB) and P(3HV-co3HV)) was studied in tropical freshwater environments in Vietnam.
Films and pellets were incubated in an artificial
pool and in the Cai River. The degradation rate of polymer specimens in the river water was influenced more by their shape than by their chemical composition. Both homopolymer and copolymer films were completely degraded after 2 month incubation, while the overall mass loss of polymer pellets in the river water was 65-66 % (Fig. 2 ).
In the water of the artificial pool, the mass loss of the polymer specimens was greater than in (Table 1) , where representatives of Bacillus, Pseudomonas, Corynebacterium, Mycobacterium, and actinobacteria were detected (Fig. 3) . In the Cai River, PHA degrading bacteria were represented by Bacillus and Acinetobacter species (Fig. 4) . 
PHA degradation in saltwater ecosystems
Experiments in saltwater environments were more numerous. Authors of one of the first papers in this field monitored degradation of P(3HB-co-3HV) and P(3HB-co-4HB) specimens in the Sea of Japan for one year . They recorded a decrease in polymer molecular weight and erosion of the surface of the specimens, which were related to the season and water temperature. Imam et al. (1999) stud- 
Specimens of different shapes prepared
by different techniques biodegraded at different rates. More rapid degradation was recorded in films, which had a large surface area and had been prepared by the technique that affected the polymer in the least degree. In 160 days after the specimens had been submerged in seawater, the residual mass of P(3HB) and P(3HB-co-3HV) films was 58 % and 54 %, respectively, i.e. the mass loss of the specimens was almost equal. Over the first 120 days of exposure, the mass loss of the specimens occurred gradually,
i.e. their degradation rates remained the same.
A more significant weight loss was recorded for the following 20 days, suggesting more rapid degradation. The degradation behavior of compacted PHA pellets was somewhat different.
Over the first 80 days, the mass of the specimens remained almost unchanged; degradation occurred between days 80 and 160. The residual mass of P(3HB) and P(3HB-co-3HV) pellets was 38 % and 13 %, respectively, but these differences are unreliable (Fig. 5) .
These results cannot provide a basis for the conclusion that the processes of degradation of the two PHA types in the seawater are different or that the copolymer degrades at a higher rate than the P(3HB) homopolymer. Compacted pellets have a smaller surface area and, hence, a smaller polymer/ water interface area than polymer films, and it may take a longer time for microorganisms to get attached to the surface and a longer time for the microorganisms to get adapted to the PHA as the substrate that has been subjected to compacting.
Differences that we recorded in biodegradation patterns of PHA specimens of different shapes, prepared using different techniques, could, in our opinion, be accounted for by different structures and surface areas of specimens, which must have influenced the adhesion of microorganisms and their enzymatic activity.
Thus, it seemed reasonable to answer the question what processes occurred in the degrading polymer. Specimens were examined using X-ray structure analysis to determine whether disintegration of the polymer matrix changed the ratio of the ordered phase to the disordered one, i.e. the degree of crystallinity of the polymer. Depolymerizing enzymes are assumed to preferentially degrade the amorphous (disordered) part of a polymer rather than its crystalline region (Abe et al., 1995) .
Analysis of X-ray spectra of PHA specimens after 160 days of marine exposure did not reveal any change in their crystallinity. Thus, no changes were found in the proportions of the amorphous phase and the crystalline one in PHAs of both types as they degraded, suggesting a conclusion that in the marine environment studied, the amorphous phase of the PHA and the crystalline one were equally degraded, and, hence, the integrated indicator for the state of the polymer structure (crystallinity) remained unchanged.
Properties of the polymer are determined reported by other authors Kim, Rhee, 2003) . Degradation and mass loss of the specimens altered morphology of their surface, particularly that of films, whose degradation was more pronounced.
Microbiological investigations showed that
in the seawater of the South China Sea, the total number of heterotrophic bacteria on the Y-K medium was 1.6×10 3 CFU per ml and the number of microscopic fungi 1×10 2 CFU per ml. Similar data were reported by other authors, who had been conducting microbiological investigations in the Sea of Japan and in coastal waters of Vietnam (Beleneva, Zhukova, 2009; Beleneva et al., 2007) . Similar investigations were performed in Lake Shira -a medicinal brackish lake. It was studied for years as a model of a rather simple ecosystem, and various data regarding this aquatic environment were obtained (Degermendzhy et al., 2010) . Our study was the first to investigate PHA degradation in Lake Shira. Lake Shira is a brackish-water thermally stratified water body with a hydrogen sulfide hypolimnion zone. It is famous for its therapeutic muds and water. The As the water salinity is high, the water freezes at temperatures below 0°C. The water is covered with ice until mid May. Lake Shira is a unique aquatic environment because it exhibits a combination of important physicochemical factors:
moderate mineral content and predominance of sulfate ions. The lake is stratified with respect to temperature, oxygen, and chemical parameters.
The anaerobic zone, close to the lake bottom, contains great amounts of sulfides, phosphates, and ammonium. Other chemical elements are nonuniformly distributed over the lake area.
Chemical stratification remains stable throughout the summer-autumn season, and Lake Shira can be classified as a meromictic water body.
Based on the vertical profiles of the temperature, dissolved oxygen, and redox potential, the Lake Shira water column can be divided into epilimnion, thermocline, oxygenic hypolimnion, and anoxygenic hypolymnion.
The epilimnion (with the temperature decreasing by less than 1°C per m) becomes deeper during summer, due to the heating of the water surface.
The lower boundary of the epilimnion is shifted down from a June depth of 3 m to a depth of below 13-14 m by the end of summer.
The diversity of species in the lake ecosystem is poor, and there are rather few trophic levels. The lake is fish-free. The trophic chain includes bacteria, algae, zooplankton, and benthos (Degermendzhy, Gulati, 2002) . Bacterioplankton -the major component of planktonic microbial community of the lake -comprise 65.3 to 75.7 % of the total microbial biomass. The highest concentration of heterotrophic bacteria has been recorded in the lake monimolimnion.
The strategy of the experiment was based on these data and the fact that the lake is stratified with respect to temperature and chemical composition.
As field work could only be performed when the lake was ice-free, the experiment on PHA degradation was started on June 13, 2007. Two PHA types were used: poly(3-hydroxybutyrate) (P(3HB)) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)) (10 mol. % 3HV).
PHA film discs were submerged to different depths (3, 9, 13, and 20 m) This study proved that PHAs can be degraded at different depths of the brackish lake and that the less crystalline copolymer of 3-hydroxybutyrate and 3-hydroxyvalerate is degraded with a higher rate than the homogenous poly(3-hydroxybutyrate). The highest degradation rates of P(3HB) and P(3HB- 
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